Supplementary Figure S1 . Schematics of conventional magnetic tweezers and freely-orbiting magnetic tweezers. (a) Schematic of conventional magnetic tweezers. A superparamagnetic bead is tethered to a flow cell surface via a dsDNA construct with multiple attachment points at both ends. A pair of permanent magnets exerts a magnetic field that is aligned horizontally. The preferred magnetization axis m 0 of the superparamagnetic bead aligns with the horizontal magnet field and the rotation of the bead about the z-axis is tightly constrained. A reference bead is attached to the flow cell surface and tracked simultaneously to correct for mechanical drift. (b) Schematic of freely-orbiting magnetic tweezers. The superparamagnetic bead, reference bead, and DNA tether are identical to the conventional magnetic tweezers. In contrast to conventional magnetic tweezers, a cylindrical magnet is employed with the field predominantly aligned in the z-direction. For this magnet geometry, the preferred magnetization axis m 0 aligns with the vertical magnetic field and the bead can freely rotate about the z-axis.
Supplementary Figure S4 . The (x, y)-fluctuations of a DNA-tethered bead as a function of magnet position in conventional magnetic tweezers. The experiment used two 5 mm cube magnets with a gap of 1 mm, shown schematically in the inset in the upper right corner. The magnet was scanned across the surface at a constant height of 2 mm in x and y in steps of 250 µm. The bead positions relative to the magnets are indicated on the outer axes. Similar to the measurements with the cylindrical magnets, we illuminate from the top through the central magnet gap, limiting the scan range in the x dimension to 1 mm. The graph shows a limited scan in the y-direction around the center of the pair of 5 mm wide magnets. At each magnet position, fluctuations of the same DNA tethered bead were recorded, which are plotted in the small square coordinate systems throughout the plot. The scale of the fluctuations is indicated by the black scale bar which corresponds to 2 µm. From the plot it is apparent that the fluctuations in x and y are insensitive to the magnet position. The width of the fluctuations in y is consistently somewhat larger than the width of the fluctuations in x, stemming from the fact that the preferred magnetic axis of the bead, m 0 , is tightly constrained to remain parallel the field lines, which point in the direction of the x-axis. This prevents the bead from rotating about the y-axis in as it translates in the x-direction and fluctuations in this dimension are governed by an effective tether length equal to L, the length of the DNA tether. In contrast, the bead can freely rotate about the x-axis as it translates in the y-direction, and the fluctuations in this dimension are governed by an effective tether length of L + R bead , reducing the effective spring constant (see Ref. 9 in the main text). Table S1 , and demonstrate that while changes in both the bead height and the circle radius vary from bead to bead, large changes in R circle upon magnet flipping correlate with large changes in z .
Supplementary
Supplementary Figure S7 . Dependence of R circle on the stretching force. We determined the values for R circle from fits to the (x, y)-fluctuations and the stretching forces as described in the main text. Data correspond to selected measurements for 7.9 kbp DNA tethers and 1.4 µm radius M270 beads (red squares), for 20.6 kbp DNA tethers and M270 beads (blue circles), and for 3.4 kbp DNA and ≈ 0.3 µm radius MagSense beads (green triangles). Overall the observed R circle does not depend on stretching force. At low stretching forces (≤ 0.5 pN), we observe small increases in R circle , by 10-20%. This is qualitatively expected from the geometry of the tether: At forces ≤ 0.5 pN, entropic recoil of the DNA would be expected to lead to excluded volume interactions with the bead, biasing radial fluctuations towards larger radii. Experimentally, we indeed observe that the radial fluctuations for very low stretching forces show small deviations from Gaussian behavior with a bias towards larger radii (data not shown).
Supplementary Figure S8 . Height of tethered beads above the surface, z , as a function of alignment of the cylindrical magnet. Color indicates z , according to scale bars on each plot. (a) Data for a 7.9 kbp DNA tether and 1.4 µm radius bead. This is the bead height information corresponding to the data set shown in Supplementary Fig. S2a . (b) Data for a 20.6 kbp DNA tether and 1.4 µm radius bead. This is the bead height information corresponding to the data set shown in Supplementary Fig. S3a . For this measurement, the scan range was limited by the range of the stage displacing the magnet in x (see also Supplementary Fig. S3 ). For this reason, the pattern is not symmetric.
For both panels, the average height of the bead above the surface increases as the bead moves away from the magnet center. This can be understood qualitatively from simple geometric considerations ( Supplementary Fig. S1a,b) . If the tether is attached such that R circle > R bead / √ 2 (i.e. a tether anchored at an angle of > π/4 radians with respect to vertical), the height of the bead above the surface z will be smallest close to the magnet center where we observe circular fluctuations. Far from center alignment, the bead will rise as m 0 rotates to align with the more horizontal field lines, similar to the situation in conventional magnetic tweezers. • . The data were obtained using the 7.9 kbp DNA construct in PBS+ buffer.
Supplementary Figure S10 . Bead rotation and bead translation on the circle are tightly coupled for a rotating bead. (a) The central panel shows the x, y-position under the centrally aligned cylindrical magnet of a tethered 1.4 µm radius magnetic bead that has a 0.5 µm radius non-magnetic bead attached. In contrast to the data shown in Supplementary Fig. S9 , the trace here was recorded after flushing a high concentration of ethidium bromide into the flow cell. Ethidium is known to intercalate into double-stranded DNA and to unwind the DNA helix [38] . All • . The data were obtained using the 20.6 kbp DNA construct in PBS+ buffer.
Supplementary Figure S11 . Force predictions for a conventional MT magnet configuration and M280 and M270 superparamagnetic beads. The magnetization parameters determined from the measurements using the conventional MT magnet configurations are used to quantitatively predict the forces exerted by the cylinderical magnet ( Fig. 2 and Supplementary Fig. S12 Experimental data are obtained from seven independent measurements; all data points are shown as grey circles. The mean and standard deviation of the force values for each magnet position are shown as red circles and error bars. Since there is no literature value for the magnetization of M270 beads, we used the magnetization of the M280 beads (panel a) as a starting point to analyze the M270 data. For each magnet position, the measured forces are higher for M270 than for M280 beads; we obtained good agreement between calculated and measured forces for M270 beads by using the magnetization for M280 beads with msat scaled by a factor of 2 ± 0.1 (black line). The inset shows the same data as a logarithmic plot. (d) DNA stretching data for the 7.9 kbp DNA construct in PBS+ buffer with M270 beads (same data as panel c). The black line is a fit of the WLC chain model to the data in the entropic stretching regime (< 5 pN; red data points) with Lp = 43 ± 3 and Lc = 2.75 ± 0.1 µm.
Supplementary Figure S12 . Calculation of the magnetic field and stretching forces applied to superparamagnetic beads for cylindrical magnets. (a) The magnetic field from a permanent magnet can be calculated using the equivalent source method that relies on approximating the magnet by equivalent magnetizing currents. The cylindrical magnet with a central hole (left) used in our measurements is equivalent to the superposition of a solid cylindrical magnet of equal size and magnetization and a smaller solid cylindrical magnet that has the size of the central hole and opposite magnetization (right). The equivalent current loops are shown below the magnets. The dimensions of the magnet are defined by its radius R, the radius of the central hole g, and its height H. For the magnet used in our experiments R = 3 mm, g = 1 mm, and H = 6 mm. The magnet field can be calculated from Biot-Savart law by integrating over the equivalent current loop (Ref. 8 in the main text):
wherel is a unit vector pointing in the direction of the equivalent current and r is the coordinate vector from the element of current to the observation point. Jequi is the equivalent current that is given by Br/4π, where Br is the residual magnetic field of the magnet, which is a material property. We have determined Br for the magnets used in our experiment as described in Lipfert . A similar, smaller peak is observed during the second trace; however, contributions following nicking lead to a much broader random distribution overall. The histogram for third trace is entirely stochastic. (c) Power spectra of the angular fluctuations for constrained (red) and unconstrained (blue) recordings. The power spectrum while the molecule is rotationally constrained is well-described by a Lorentzian (black solid line), as expected for diffusion within a harmonic trap. The fitted corner frequency is f c = 0.01 Hz. After rotational constraint is lost, the power spectrum follows a power law, PSD ∝ f α ,with an exponent α of -1.98 (black dashed line), close to the value of α = -2 that is expected for free diffusion. (d) 2-dimensional histogram of (x, y) bead position for the red (un-nicked) dataset in a). (e) and (f) show similar data for the black (nicking at 1000 s) and blue (nicked) recordings, respectively. The magnet does not significantly affect the angular position in any of the three traces, as evidenced by the even distribution of positions on the circle. (g) Temporal autocorrelations for the constrained (red) and unconstrained (blue) recordings. Fits to an exponential decay (black solid lines), which describes both diffusion within a harmonic trap and free diffusion are shown in black. The autocorrelation at τ = 0 s is equal to the angular variance, and increases dramatically after the rotational constraint is lost. Similarly, the characteristic timescale increases from τ c = 17.2 s to 249 s upon loss of rotational constraint. The inset shows a zoom of the autocorrelation for the rotationally constrained trace. Figure S15 . The effect of rotational drag on the dynamics of RecA heteroduplex filament assembly on 7.9 kbp DNA under 1.5 pN applied force. (a) The number of rotations θ executed by the bead as a function of time during RecA unwinding of a 7,921 bp DNA molecule tethered to a 1.4 µm radius bead at 1.5 pN pulling force (black trace) and to a 0.5 µm radius bead at 1.5 pN pulling force (red trace, reproduced from 

